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Abstract 
In order to produce fermentative biohydrogen at high yields and production rates, efficient bioreactors 
have to be designed. A new reactor called anaerobic biodisc reactor allowed the production of 
biohydrogen from glucose with the selected Clostridium sp. strain at high yields (2.49 molH2·molglucose-1) 
and production rates (598 mlH2·medium-1·h-1). The bacteria were fixed on a rotating support enabling 
efficient gas transfer from the liquid to the phase. It allowed the metabolism of the bacteria to produce 
more hydrogen. Moreover, an increase of the total pressure 0.18 bar lowered the yields of 19.5% while a 
decrease of 0.11 bar increased the yields of 7%. Our work concludes on the importance of providing good 
liquid to gas transfers in the biohydrogen-producing reactors. 
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1. Introduction 
Hydrogen is widely considered as a key chemical element that will have to play an important role in 
the energetic system of the near future. Many recent researches and developments for the production of 
green hydrogen look into the biological hydrogen production [1] and its use in processes for the treatment 
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of wastewater rich in carbohydrates, as the food-industry wastewaters [2]. Some chemotrophic 
microorganisms of the genus Clostridium can consume many different sources of carbon in strict 
anaerobic conditions to grow and produce hydrogen as well as other soluble metabolites released in the 
media. These bacteria are often found in hydrogen-producing sludge and can achieve high hydrogen 
production rates (HPR) and good yields in optimized conditions [3]. Moreover, they show many 
advantages, as the large range of substrate that they are able to degrade and their spore-forming ability. 
However, to date, the maximum theoretical yield of four molH2·molglucose-1 was never reached at a 
laboratory or pilot scale. Indeed, all the mechanisms involved in the biohydrogen production are not fully 
understood. These need to be investigated in detail in order to design a large scale industrial application 
for an efficient production of hydrogen [2].  
Among the several culture parameters that are usual reported in the scientific literature, the inhibition 
created by the hydrogen produced by the bacteria on its own gaseous production is one of the most cited, 
known as the “hydrogen partial pressure” effect [4, 5]. Many authors have discussed the influences and 
inhibitions caused by the hydrogen on the enzymes leading to the production of hydrogen through the 
reduction of protons in molecular hydrogen [6, 7]. Some have shown the positive effects of degassing the 
media with gases in order to decrease partial pressures of the different gases produced [8, 9].  
However, the concentration of hydrogen dissolved in the liquid medium is the only parameter directly 
influencing the metabolism of the bacteria and the biochemical or enzymatic mechanisms involved [10]. 
H2 partial pressure and liquid concentration are theoretically linked at equilibrium by the Henry’s law. 
However, low soluble gases may encounter mass transfer limitations, especially in anaerobic sludge and 
complex media. It can lead to a non-equilibrated system for which the Henry’s law is not relevant 
anymore [11]. Therefore, the so-called hydrogen partial pressure should not be considered as the 
parameter to study and rather be cited as the concentration of hydrogen dissolved in the liquid phase.  
To our knowledge, no direct link has been established between the concentration of hydrogen 
dissolved and the performances achieved in the cultures. Lowering the concentration of the dissolved 
hydrogen should be one of the key factors for the enhancement of the H2 production by fermentative 
microorganisms. This can be achieved by enhancing the liquid-to-gas mass transfer [10].  
Indeed, Q, the mass flow transferred through a specific gas-liquid interface expressed by unit of time 
and by volume of liquid is given by the equation (1) depending on the global mass transfer coefficient kLa 
(which is linked to the mixing condition of the media and the g-l interfacial area) and on the potential of 
transfer PG-P°G (linked to the gas partial pressure and the liquid concentration of gas dissolved at the 
equilibrium). The Henry constant (He) depends only on the nature of the gas considered [12].  
Q=kLa·He-1·(PG-P°G) (1) 
In this study, a novel continuous bioreactor called anaerobic horizontally rotating cylinder bioreactor 
(or anaerobic biodisc reactor, ABR) was investigated with a Clostridium butyricum strain. By its original 
design, it greatly enhances the specific liquid-to-gas transfer surface, theoretically leading to higher kLa 
values. Moreover, the potential of transfer PG-P°G in the equation (1) was studied by applying different 
total pressure to the bioreactor. The hydrogen production performances are discussed in comparison with 
other hydrogen-producing bioreactors. 
2. Material and methods 
The anaerobic biodisc reactor (ABR, fig. 1.a.) investigated in this paper was composed of 2.3 L glass 
vessel (Bibby Quickfit JRV2L, UK) with double envelope for temperature regulation at 30°C and a 
stainless-steel lid with septum, shaft, pH probe (465-35-SC-P-K9/320, Mettler Toledo), gas filters 
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(Sartorius Midisart 0.2 μm) and silicone tubes for gas outlet and medium removal or addition. The shaft 
was equipped with a tubular-rotating support (3RPM; fig. 2.b.) to enable biofilm growth and 
immobilization on the surface. The support was constituted of a cylindrical rigid polypropylene structure 
of 20x9 cm around which fibreglass is fixed of 5mm thick. The last layer protecting the decomposition of 
the fibreglass was a polypropylene grid of 1 mm² meshes. Finally, a sieve-blade was fixed in order of 
homogenization of the media settling at the bottom of the bioreactor with the rotation of the cylinder.  
 
 
Fig. 1. Schematic setup of the anaerobic biodisc reactor (a) cross-section view; (b) section view 
The “MDT” feeding medium was described by Hiligsmann et al. [13] and adjusted at a concentration 
of 12.5 g·L-1 of glucose and at a pH of 8.5 by the addition of NaOH 1N. The medium was fed at the centre 
of the cylinder at a flow rate of 80 mL·h-1. The nutrients were pumped from the nutrients feed vessel to 
the bioreactor using a peristaltic pump. No direct pH regulation was set on the bioreactor. Liquid samples 
taken from the sampling port were analyzed according to the HPLC-RID method described by Beckers et 
al. [14] for measuring the concentration of the liquid metabolites.  
The exhaust was placed at the overflow level to maintain the required liquid volume inside the 
bioreactor (varying from 0.3 to 1.5 L). The medium was then collected in a 10 L vessel acidified by 
H3PO4 at a pH bellow 3 to inhibit microbial activity. In order to prevent impact of liquid pumping on the 
gas measurement, the biogas flowed through a foam-collecting vessel and the other vessels for nutrients 
and spent medium before being measured in a gas-flow meter (Ritter, D). All the vessels and connections 
are schematically presented in the figure 2. 
The gas produced was collected after the gas-flow meter through a 0.2 μm filter to a water column for 
complementary volumetric hydrogen measurements by water displacement system. The column was a 
1.75 m high one with an internal volume of 38 L and was hermetically closed. Atmospheric pressure 
productions were enabled by connecting the gas arrival at the top of the column and adjusting the water 
exhaust at the same level of the liquid in the column. Under-pressure conditions were enabled by letting 
the exhaust of water at the floor level therefore placing the system under a lower total pressure of 0.82 
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bar. On the contrary, overpressure was enabled in the bioreactor by connecting the gas arrival at the 
bottom of the column therefore creating a column of 1.75m high of overpressure (+0.11bar). The 
composition of the biogas collected was analyzed in a GC-TCD apparatus following the method 
described by Hamilton et al. [15]. 
 
 
Fig. 2. Schematic complete setup of the anaerobic biodisc bioreactor 
The ABR was sterilely inoculated by a Clostridium butyricum CWBI1009 strain isolated and 
characterized previously by Masset et al. [11]. After the inoculation, a contamination by ambient strains 
occurred in the ABR. It was observed on PCA purity check as described formerly by Beckers et al. [14]. 
However, previous experiment showed that the bioreactor was still producing hydrogen. It was therefore 
used without new sterilization and/or Clostridium butyricum inoculation. 
3. Results and discussion 
The production of hydrogen was recorded during 58 days and was kept stable in the anaerobic biodisc 
reactor (ABR). Over the period of investigation, a total volume of 260 L of biogas was collected. GC 
analyses showed that H2 content reached a mean value of 65% ± 2% whereas CO2 was at 35% ± 2% and 
no methane was detected. The biomass rapidly grew on the cylindrical support and kept a white uniform 
aspect. The stagnant media at the bottom of the vessel was maintained between 300 and 350 mL The dry 
matter measured on the exhaust liquid reached a mean value of 1.25 ±0.16 gDM·L-1, the redox potential 
was always measured bellow -150 mV ensuring anaerobic conditions in the ABR. The pH slightly varied 
but was maintained between 4.9 and 5.3, near optimal condition for H2 production of C. butyricum [11].  
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Hydrogen production yields are estimated based on the volumes of hydrogen produced and the 
amount of glucose consumed in the ABR and expressed in moles of hydrogen per mole of glucose. 
Rapidly after the beginning of this study, they reached value over 2 molH2·molglucose-1 and then seemed to 
follow the trend of the pH curve in the bioreactor (figure 3). The control of the pH was maintained as near 
as possible near the optimal value (i.e. 5.2). When the pH was optimal between 5.2 and 5.3, the yields 
reached higher value than those observed in the STR showed by these latter authors (between 2.5 and 2.9 
molH2·molglucose-1 VS 1.9 molH2·molglucose-1 in the STR). Even at lower pH, the ABR performed higher 
yields. The H2 production rates (HPR) followed similar trends than the yields, varying between 133 and 
211 mLH2·h-1 (data not shown). However, considering the low liquid volume of the ABR (0.3 L), the 
specific HPR expressed per volume of liquid reached 705 mLH2·L-1·h-1, a value five time higher than the 
maximum specific HPR reached in the STR of Masset et al.  
 
Fig. 3. Yields and pH in the ABR during the 58days of culture. The three total pressures applied, i.e. atmospheric, lower and over 
pressure, are related to pressures of respectively 1, 0.89 and 1.18 bar. 
A natural mixed culture was grown in the ABR, with the development of facultative contaminants. 
Unusual metabolites for pure C. butyricum cultures were found in solution as discussed later. It indicates 
that the contaminants were consuming glucose without any hydrogen production. Nevertheless, the 
contamination did not disable the production of hydrogen which was still very efficient. Indeed, the yields 
are relatively high in comparison with the results presented in other studies. Common value for the yields 
of H2 production with mixed culture are usually bellow 2 molH2·molglucose-1 in classical bioreactors. For 
example, Mizuno et al. [9] reached 1.43 molH2·molglucose-1, Zhang et al. [16] obtained 2 molH2·molglucose-1 
and Van Ginkel et Logan [17] 1.7 molH2·molglucose-1, in lab-scale AnSBR or UASB systems. The HPR 
reached with the ABR are lower than the best rates described in the literature. HPR are greatly affected by 
the condition of the production of H2, linked with the glucose loading rate and the method used for 
concentrating the biomass in the bioreactor. Therefore, fixed biomass bioreactors reach higher HPR than 
in the ABR. For example,  Chang et al. [18] showed a maximum HPR of 1.3 LH2·L-1·h-1) and Zhang et al. 
[19] of 2.36 LH2·L-1·h-1. However, in these papers, the gain of HPR is made regardless the yields that are 
lower than in the ABR for similar hydraulic retention time and for a higher glucose loading rate. It can be 
concluded that an interesting compromise between good production yields and reasonable HPR is reached 
in the normal conditions of the ABR. It also shows the efficiency of the original design for the fixation of 
the biomass and the effect of the efficient liquid-to-gas H2 mass transfer. In order to prove that, 
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considering the equation (1), a better mass transfer enhances the performances in the ABR, three 
conditions of total pressure were applied as shown in the figure 1, therefore varying the potential of 
transfer “PG-P°G”. The first period, at atmospheric pressure, was followed by a period in lower pressure 
(-0.11bar) and by a period of over pressure (+0.18bar). However, the three periods were strongly affected 
by the variation of the pH as discussed earlier. In order to distinguish the influence of the three conditions 
of total pressure, the yields reached in the different moments of the fermentation were grouped within pH 
range of 0.1 unit (figure 4).  
 
 
Fig. 4. Hydrogen production yields in the three conditions of total pressure (-11bar of under pressure, atmospheric pressure and 
+0.18bar of over pressure) grouped in 0.1 pH range 
When the pH is set between 5.2 and 5.3, the ABR performed the best values for each condition of total 
pressure. It confirms the pH is one of the first parameter to be controlled for the improvement of the 
yields. The total pressure in the bioreactor also influenced the yields. A lower pressure trend to increase 
the yields for every pH considered. When the pressure was lowered from 1.18 bar to 1 bar and to 0.89 
bar, the yields increased respectively at 2.18, 2.38 and 2.67 molH2·molglucose-1. Similarly, the HPR were 
improved with the decrease of the total pressure from 142 mLH2·h-1 to 191 mLH2·h-1, corresponding to an 
increase of 34%. This significant improvement may be explained by the improvement of the mass transfer 
conditions of the hydrogen. Pauss et al. [10] demonstrated in anaerobic digestion media that the mass 
transfer limitation is a parameter even more significant with low soluble gas. Especially for culture 
producing only hydrogen, lowering the hydrogen dissolved in the media allows the bacteria to follow 
metabolic pathways leading to more efficient hydrogen production and to reach higher yields.  
The metabolic analyses showed in the figure 5 present close profiles of metabolites whatever the total 
pressure condition of the ABR. The major metabolites are butyrate and acetate, both being volatile fatty 
acids usually associated with the hydrogen production in the metabolism of C. butyricum [20]. Other 
metabolites such as propionate and ethanol aren’t usually found in these conditions of temperature and pH 
at these levels of concentration [11]. They may be linked with the growth of other strains and show 
evidence for their activity in the bioreactor. Therefore, since the contaminants are consuming glucose and 
releasing metabolites not associated with the H2 production, the performances could be increase by the 
control of the contamination in order to remove it from the ABR. Nevertheless, the levels of the unusual 
metabolites were maintained stable during the investigations meaning that, in this case, the contamination 
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seemed to evolve in a co-culture with the hydrogen-producing strain C. butyricum. Further bimolecular 
analyses have to be done on the natural consortium formed to determine the different species involved. 
Finally, the quantification of the glucose concentration showed that it was totally consumed during the 
period of work at atmospheric and lower pressure (i.e. better period for hydrogen production 
performances). On the contrary, when the ABR was placed in over pressure, the residual glucose 
concentration in the ABR increased between 1.3 and 3.2 mM. It indicates the inhibition that creates the 
hydrogen dissolved in the liquid on the activity of the bacteria, preventing it to consume the totality of the 
glucose fed in the ABR. 
 
 
Fig. 5. Concentrations of the metabolites analyzed by HPLC-RID during the 58 days of fermentation. The three total pressures 
applied, i.e. atmospheric, lower and over pressure, are related to pressures of respectively 1, 0.89 and 1.18 bar. 
4. Conclusions 
The novel anaerobic biodisc reactor working with a Clostridium butyricum strain allows the efficient 
production of hydrogen. Although contaminants were detected in the bioreactor, stable performances 
were recorded. The hydrogen yields and the production rates were higher than in previous experiments 
with the pure strain. The original design of the ABR provides important advantages for higher H2 
production performances. The cylindrical support allowed the fixation of the biomass and the rotating 
structure leads to an efficient mass transfer of hydrogen. Three different conditions of total pressure were 
applied and evidenced the relation between the H2 production performances and the dissolved 
concentration of hydrogen. This latter parameter should be considered for its influence on the production 
of hydrogen rather than the gaseous partial pressure. 
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